Metals and alloys are used worldwide in nearly all forms of industries. Corrosion -- *i.e.*, gradually degradation of metals due to chemical or electrochemical reactions with the environment -- causes waste of valuable resources, loss or contamination of products, reduction in efficiency and costly maintenance. Furthermore, failure of critical metal parts is not just expensive, but potentially dangerous. It is therefore one of the most important technological challenges of material science to discover efficient materials and approaches for the prevention of metal corrosion.

Over the last few years it has been suggested to use graphene (G) as a barrier coating to protect metals from oxidation and, more generally, corrosion[@b1][@b2][@b3][@b4][@b5]. Defect-free graphene is highly impermeable to liquids and gases and inert to most chemicals[@b6]. Moreover, owing to its one-atom thickness, coatings made of single or even few layers of graphene would not affect the morphology or the appearance of the metal to be coated. However, its electrochemical nobility and the high electronic conductivity cause graphene to form a galvanic cell when directly in contact with a metal substrate and this, eventually, enhances degradation of the substrate in the long term[@b7][@b8].

Hexagonal boron nitride (hBN) has recently been proposed as an alternative[@b9][@b10][@b11]. In addition to having mechanical and impermeable properties comparable to graphene[@b12][@b13], hBN is an insulator[@b14] and does not induce galvanic corrosion when in contact with metals[@b9][@b11].

Since the landmark paper by Li *et al*. in 2009[@b15], copper has been by far the most widespread substrate for growth of graphene through chemical vapour deposition (CVD). Indeed, the low solubility of carbon in copper allows the growth process to be self-limiting[@b15], which, in turn, allows for a precise control of the number of graphene layers. Copper is also widely used as a growth substrate for hBN[@b16][@b17][@b18][@b19]. Therefore, while copper is used in many applications, including electronics, the main motivation for basing this study on copper films is the support of high quality, single-layer growth of continuous sheets of both graphene and hBN, which allows for a direct comparison of their barrier properties.

When copper is exposed to air, three different oxides can be formed[@b20][@b21][@b22]:Cu~2~O (cuprous oxide) is the native oxide, generally the one formed first upon reaction with oxygen[@b23]:The metastable Cu(OH)~2~ (copper hydroxide) is formed through the reaction:This metastable layer can then transform into the more stable CuO (cupric oxide) through the reaction:

Here, we have investigated the oxidation process in two different conditions, of bare, G-coated and hBN-coated copper through *real-time* Raman spectroscopy, X-ray photoemission spectroscopy (XPS) and X-ray induced Auger electron spectroscopy (XAES). In the first experiment, the specimens were heated from room temperature (RT) up to 400 °C within 45 minutes to simulate a relatively short but acute oxidative condition. The second was an isothermal experiment, where samples were held at 50 °C for 60 h to simulate longer-term oxidative conditions.

Results
=======

*Real-time* Raman spectroscopy investigations
---------------------------------------------

### Variable temperature experiment

In the first experiment -- called variable temperature (T) experiment - the samples were heated from 25 °C up to 400 °C in steps of 50 °C (only the first step is different, from 25 °C to 50 °C) while the Raman spectra were continuously collected from the same spot on the surface. [Figure 1](#f1){ref-type="fig"} shows the time evolution of the intensities of the Raman signal for CuO (at 500 cm^−1^ [@b3][@b11]) and Cu~2~O (at 640 cm^−1^ [@b3][@b11][@b24][@b25]), Cu(OH)~2~ (at 800 cm^−1^ [@b3][@b24]). In the case of the bare copper sample, both Cu~2~O and, to a smaller extent, Cu(OH)~2~ start forming at around 100 °C (that is, after 10 minutes from the beginning of the experiment; [Fig. 1b,c](#f1){ref-type="fig"} and [Fig. S11](#S1){ref-type="supplementary-material"} in [Supplementary Information](#S1){ref-type="supplementary-material"}). In analogy with some previous reports[@b23], CuO is instead formed later, after 16 minutes from the beginning of the experiment, which corresponds to a temperature of 150 °C ([Fig. 1a](#f1){ref-type="fig"}). At this point, the overall oxidation of copper proceeds very quickly. The change in Raman response of the sample observed at 150 °C can be due to a change in the oxidation rate. O'Reilly *et al*., in fact, showed that at 150 °C the Cu oxidation rate law switches from inverse-logarithmic to linear[@b26].

Regarding the G-coated sample, the Raman intensity signal increases slowly up to a temperature of 250 °C, where the increase becomes more pronounced as indicated by the small change in slope in the relative curves in [Fig. 1](#f1){ref-type="fig"}. Nonetheless, it is only at 300 °C (after 32 minutes from the beginning of the experiment) that a dramatic increase of all the oxide peak intensities is finally observed. Such increase is a consequence of the oxidation of graphene which, once being etched away upon reacting with the atmospheric oxygen[@b27] (see [Fig. S7](#S1){ref-type="supplementary-material"} in [Supplementary Information](#S1){ref-type="supplementary-material"}), leaves the copper surface completely unprotected. Indeed, at this point, the oxidation level (*i.e.*, the Raman intensities of the individual copper oxide peaks) of the G-coated sample is comparable to that one of the bare sample and, for both samples, the oxide peak intensity increased by a factor of 10 with respect to the initial value.

In the case of hBN-coated copper, the Raman intensity of all the oxide peaks increased very slowly up to a temperature of more than 150 °C (see [Fig. S8](#S1){ref-type="supplementary-material"} in [Supplementary Information](#S1){ref-type="supplementary-material"}). At that point, the signal of both Cu(OH)~2~ and Cu~2~O started to increase abruptly. As in the case of bare copper, the CuO Raman signal increased at a significantly higher temperature than the other compounds, at around 200 °C ([Fig. S12](#S1){ref-type="supplementary-material"} in [Supplementary Information](#S1){ref-type="supplementary-material"}). At the end of the experiment, the overall degree of oxidation was significantly lower than both G-coated and unprotected sample ([Fig. 1](#f1){ref-type="fig"}).

### Isothermal experiment

[Figure 2](#f2){ref-type="fig"} displays the outcomes of the second *real-time* Raman investigation, *i.e.*, the evolution of the copper oxide Raman peaks while the samples are kept at 50 °C over 60 h. In the bare copper sample, the Raman peak intensities for all the oxide species increase monotonically over the first 24 hours of experiment. After this point, the Raman intensities continue increasing, but at a slower rate.

Interestingly, the G-coated sample shows an initial plateau, which highlights the good barrier performance of graphene upon short-term[@b7]. 24 hours after the beginning of the experiment, the Raman intensities of all the oxide peaks begin to saturate, similar to the case of the bare copper sample. For G-coated sample at the end of the experiment, the Raman intensity of Cu~2~O and Cu(OH)~2~ was 70% and the CuO was 30% of the bare copper level.

The Raman intensity for hBN-coated copper is almost flat, with hardly any detectable increase over approximately 40 hours. Beyond this point, only the Cu(OH)~2~ peak is increasing. A slight but constant increase in the Cu~2~O is also observable after approximately 45 hours from the beginning of the experiment.

XPS and XAES studies
--------------------

[Figure 3](#f3){ref-type="fig"} reports the Cu 2p~3/2~ core level and Cu LMM Auger lines for all the tested samples, before (top panel) and after (centre and bottom panels) the two oxidation experiments. As the 2p~3/2~ peaks of metal Cu and Cu~2~O differ by only 0.1 eV, which is below the experimental resolution of the used equipment, we have performed also XAES in order to distinguish between the two components Indeed, as reported in previous studies, the LMM Auger lines are more sensitive than the 2p~3/2~ core level to detect the oxidation of copper[@b17].

The 2p~3/2~ peak of the bare copper before the oxidation experiment exhibits three components: one centred at 932.7 eV corresponding to Cu + Cu~2~O, one at 934 eV for CuO and the last one at 935.1 eV for Cu(OH)~2~[@b20][@b28][@b29] ([Fig. 3](#f3){ref-type="fig"}, top left panel). Regarding the G- and hBN-coated samples, the Cu 2p~3/2~ core level can be fitted by only one component at 932,7 eV. The XAES data for all the samples before any oxidation experiment are displayed in the top right panel of [Fig. 3](#f3){ref-type="fig"}. The shape of the Auger features is similar for G- and hBN-coated samples and, in both the samples, the intense peak at 568.3 eV suggests that the copper mainly has a metallic character[@b28][@b29]. In the case of bare copper, the shape of the Auger peak is different, with a similar maximum of the intensity curve for the feature at 568.3 eV (Cu metallic) and for the one at slightly higher binding energy (570.1 eV), this implying the presence of other chemical states rather than metallic Cu on the surface, such as Cu~2~O[@b28][@b29].

After the experiment where the temperature was increased to 400 °C (*i.e.*, the variable T experiment), all the samples appeared uniformly oxidized by optical inspection. This is confirmed by the XPS measurements reported in the centre left panel in [Fig. 3](#f3){ref-type="fig"}. The XPS measurements also revealed the absence of boron and nitrogen at the surface after the experiment, while the hBN coating was still present at 300 °C ([Fig. S9](#S1){ref-type="supplementary-material"} in [Supplementary Information](#S1){ref-type="supplementary-material"}). A quantitative analysis obtained by peak deconvolution is reported in [Table 1](#t1){ref-type="table"}. The corresponding XAES measurements for all the samples show typical spectra of CuO surface, peaked at 568.9eV[@b28].

The XPS measurements after the isothermal experiment revealed that the coated and the uncoated samples underwent oxidation, although at a different extent. The coated samples, for instance, were significantly less oxidized, as shown by the deconvolution analysis in [Table 2](#t2){ref-type="table"}. The change in shape of the Auger spectra with respect to the pristine sample for bare and G-coated copper ([Fig. 3](#f3){ref-type="fig"}) confirm that oxidation occurred at the surface, as the two features related to Cu metallic and Cu~2~O, respectively at 568.3 eV and 570.1eV[@b29], now have a similar maximum of the intensity curve. The small degree of oxidation for the hBN-coated copper sample is corroborated by the fact that shape of the relative Auger spectrum is qualitatively similar to that of metallic copper, as shown by the higher intensity of the component at 568.3 eV ([Fig. 3](#f3){ref-type="fig"}).

Discussion
==========

In short (less than one hour) and acute oxidative conditions (*i.e.*, the variable T experiment), graphene acts as an effective oxidation barrier even at temperature as high as 250 °C. This is demonstrated by the fact that the Raman signals of the oxide peaks do not increase significantly until the graphene is etched away upon reaction with the ambient oxygen ([Fig. 1](#f1){ref-type="fig"} and [S7 Supplementary Information](#S1){ref-type="supplementary-material"}). In the temperature range of 150--300 °C, the hBN barrier layer is less effective than graphene at preventing Cu oxides from forming ([Fig. 1](#f1){ref-type="fig"}). This is most likely due to the higher density of grain boundaries (*i.e.*, smaller grains) and wrinkles of the hBN layer with respect to the graphene one ([Supplementary Information](#S1){ref-type="supplementary-material"}). It is well known for graphene that grain boundaries, wrinkles and rips have enhanced reactivity and therefore are the points where corrosion and oxidation starts[@b24][@b30]; we therefore propose to extend this notion to hBN[@b31]. Therefore, since the activation barrier for oxygen diffusion through hBN and graphene is similar[@b11], it is reasonable to assume that the larger density of defects for the hBN coating will induce a faster oxidation of the copper underneath. This is a typical scenario: it is currently much easier to grow high quality graphene than high quality hBN by CVD on copper, as demonstrated by the synthesis of single-crystal graphene of millimetre- or centimetre-size[@b32][@b33][@b34][@b35], whereas single-crystal hBN size is still limited to tens of micrometres[@b18][@b19]. Thus, the polycrystalline hBN synthesized through CVD exhibits many grain boundaries and therefore a relatively high density of structural defects[@b36]. Above 300 °C, the oxidation rate of G-coated sample increases, and the Raman intensity of all the three copper oxide peaks become relatively larger than the corresponding oxide peaks in the hBN-coated sample, within a very short time. This sudden increase is due to the etching of graphene, as mentioned above, which happens between 32 mins and 33 mins in the temperature range corresponding to 300 °C ([Fig. S7](#S1){ref-type="supplementary-material"} in [Supplementary Information](#S1){ref-type="supplementary-material"}). Here, it is worth pointing out that, although also hBN starts to react with the atmospheric oxygen at a temperature around 350 °C (see [Fig. S9 Supplementary Information](#S1){ref-type="supplementary-material"}), a sudden increase in the oxide formation is not observed. We ascribe this phenomenon to the absence of a galvanic corrosion component in the case of the electrically insulating hBN[@b9][@b11], although also other factors may contribute.

After careful examination of the XPS data, we notice that the surface concentration of Cu^2+^ (*i.e.*, the CuO component) as measured by XPS leads us to conclude that after being heated to 400 °C the samples formed mainly cupric oxides, but the data obtained from the Raman spectroscopy showed that the Cu^+^ (*i.e.*, Cu~2~O) signal at 640 cm^−1^ increased to a greater extent than the cupric oxide signal at 500 cm^−1^ ([Fig. 1](#f1){ref-type="fig"}). We attribute this apparent inconsistency in our data to different penetration depths of Raman spectroscopy and XPS. The laser used for micro-Raman spectroscopy can probe the Cu sample much deeper (tens to hundreds of nanometers) than XPS, which can penetrate only up to few nanometres \~2 nm). Thus the response from Raman spectroscopy included signals coming from regions deeper within the sample, where the oxide composition was different from that of the surface. Both for the graphene-coated and the hBN-coated copper samples after the variable T experiment we find an inner Cu~2~O layer and an outer CuO layer ([Figs S15](#S1){ref-type="supplementary-material"} and [S16](#S1){ref-type="supplementary-material"} in [Supplementary Information](#S1){ref-type="supplementary-material"}), in agreement with previous reports in literature[@b21][@b22][@b37].

The isothermal experiment highlights the remarkable barrier properties of graphene on short-term, as indicated by the initial plateau in the Raman intensity of the oxide peaks in [Fig. 2](#f2){ref-type="fig"}. After 9 hours at 50 °C, however, graphene coatings failed. The oxidation started resulting in the intensities of the copper oxide peaks increasing rapidly over the next 15 hours with a higher rate than that of the bare copper, with this acceleration being attributed to galvanic corrosion in ambient conditions[@b8]. After the beginning of the oxidation, the G and 2D Raman peaks are still observed, confirming the presence of graphene. Thus, we could argue that, at first, oxygen did not pass through defects within the individual graphene grains, but rather from existing grain boundaries and wrinkles[@b24][@b30]. However, after 12 hours, a D peak appears, pinpointing the beginning of the formation of defects within the graphene layer. The defects could be caused by mechanical stresses due to modification of the copper crystal structure induced by its oxidation ([Fig. S14 Supplementary Information](#S1){ref-type="supplementary-material"}). Similar results were observed when studying G-coated copper foils left in air at RT for several months[@b8].

On the other hand, the hBN layer provides a more effective protection, and even the outmost surface layers of copper are hardly oxidized after 60 hours at 50 °C, as shown by XPS and XAES measurements in [Fig. 3](#f3){ref-type="fig"}, bottom panel. The hBN-coated sample showed a detectable increase for the Cu(OH)~2~ signal after 40 hours; however, the intensity was insignificant in comparison with the other samples, which is strong evidence that hBN is a superior oxygen barrier compared with graphene on the timescale of several hours[@b11]. In agreement with the Raman data, the combination of XPS and XAES results after the isothermal experiments revealed the Cu~2~O as main oxide component at the surface for both bare and graphene-coated copper. In contrast, the hBN-coated sample showed mainly the metallic copper peak, thus confirming the superior performance of hBN in comparison to graphene as a protective coating against oxidation in long tests.

Conclusion
==========

In this work we present the first comparative *real-time* study showing the evolution of oxidation of copper samples coated by either graphene or hBN single layers. Raman spectroscopy was used for a *real-time* investigation, while XPS and XAES were used for probing the chemical state of the copper surface before and after the oxidation experiments. Two experiments were carried out: a variable temperature and an isothermal experiment. The former corresponds to a short but acute oxidative condition, while the second simulates a milder but prolonged condition. Both G and hBN coatings provide good protection against Cu oxidation in the short-term (30 minutes) for temperatures below 250 °C, with the graphene coatings outperforming the hBN probably due to its intrinsically higher structural quality (*i.e.*, larger grains and less wrinkles). Raman data for G-coated Cu samples showed no significant increase of any copper oxide peaks in this temperature range. However, in a prolonged oxidative condition, after an initial period of time with no detectable increase in intensity of oxide signals, G failed as protective layer after only a few hours. Due to its electrically insulating nature, hBN lacks the galvanic corrosion component so that even upon longer timeframes copper oxidation is indeed inhibited. We conclude that depending on the application (*i.e.*, the oxidative condition), G coatings or hBN can be chosen. Our results indicate that, when it comes to applications requiring a prolonged protection, hBN coatings will eventually outperform G ones, even if the intrinsic quality of G layer is higher than that of the hBN, which we explain by hBN not supporting galvanic corrosion.

Methods
=======

The graphene samples were grown using a commercial Annealsys AS-ONE cold-wall chemical vapour deposition (CVD) reactor on 25 μm-thick electropolished copper foils. First, the Cu foils were annealed in argon at 1035 °C in atmospheric pressure for 10 minutes, then graphene was synthesised at the same temperature at a pressure of 25 mbar using a mixture of 900sccm Ar, 60sccm H~2~ and 2sccm CH~4~ for 15 minutes. hBN coatings were grown using a quartz tube furnace on the same batch of electropolished copper foils used for growing graphene. The growth was done at 900 °C at a total pressure of 60 mbar for 15 minutes with a mixture of 300sccm Ar, 15sccm H~2~ and 3sccm of borazine (B~3~H~6~N~3,~ from Fluorochem).

The oxidation experiments were performed in air, with 35--45% of relative humidity. Before the oxidation experiments, the bare copper samples were annealed in Ar at 1035 °C for 15 minutes. Raman measurements were carried out using a Thermo Scientific DXR confocal Raman microscope with a 10× objective and an excitation wavelength of 455 nm using a Linkam LN600P heating stage. In the isothermal experiment the samples were kept at 50 °C for 60 hour meanwhile Raman spectra were collected every 10 minutes using a collection time of 3 minutes per spectrum. All the spectra from a sample were collected from the same spot on the surface. For the variable temperature experiment, a step-ramp of temperature was used: the first step was from 25 to 50 °C and afterwards the temperature was rapidly increased by 50 °C for each step. All the intervals were kept constant in temperature for 5 minutes (as highlighted by the vertical lines in [Fig. 1](#f1){ref-type="fig"}) and the Raman spectra were collected every minute, using a collection time of 1 minute per spectrum. The background was subtracted from all the Raman spectra and then each spectrum was normalised to the nitrogen peak (2329 cm^−1^). XPS and XAES data were collected using a Thermo Scientific Al K-alpha X-ray Photoelectron Spectrometer (1486.7 eV). Shirley background was removed to XAES data. After background subtraction, the Cu 2p~3/2~ peaks were fitted using Voigt functions with full width half maximum of 0.15--0.22 eV and 1--1.5 eV for the Lorentzian and Gaussian component, respectively.
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![Evolution of the Raman signal intensity as bare (black squares), G-coated (blues triangles) and hBN-coated (red asterisks) copper samples are heated up from RT to 400 °C within 45 minutes for (**a**) CuO at 500 cm^−1^ [@b3][@b11] (**b**) Cu~2~O at 640 cm^−1^ [@b3][@b11][@b24][@b25] and (**c**) Cu(OH)~2~ at 800 cm^−1^ [@b3][@b24]. The grey area indicates when graphene is etched away upon reaction with ambient oxygen, thus leaving the copper surface uncoated (see [Fig. S8](#S1){ref-type="supplementary-material"} for more details). The vertical lines indicate where the temperature is ramped up, while being kept constant in between.](srep39770-f1){#f1}

![Raman data collected in the isothermal experiment at 50 °C showing the time dependent evolution of the peaks for (**a**) CuO at 500 cm^−1^ [@b3][@b11] (**b**) Cu~2~O at 640 cm^−1^ [@b3][@b11][@b24][@b25] and **(c)** Cu(OH)~2~ at 800 cm^−1^ [@b3][@b24].](srep39770-f2){#f2}

![Cu2p~3/2~ core level (left side) and Cu LMM lines (right side) before and after the oxidation experiments for bare, G-coated and hBN-coated Cu samples.\
In the Cu2p~3/2~ spectra the energy positions for Cu + Cu~2~O, CuO, and Cu(OH)~2~ components are 932.7 eV, 934 eV and 935.1 eV, respectively. In the Cu LMM panel the vertical lines point out the binding energy positions for metallic Cu (568.3 eV)[@b28], CuO (568.9 eV)[@b28], Cu~2~O (570.1 eV)[@b28][@b29] and Cu(OH)~2~ (570.5 eV)[@b29]. The top horizontal axis in the Cu LMM panels reports the corresponding kinetic energy.](srep39770-f3){#f3}

###### Quantitative analysis of the surface composition of the bare, G-coated and hBN-coated copper samples after the experiment up to 400 °C, resulting from deconvolution of XPS data in [Fig. 3](#f3){ref-type="fig"} centre left panel.

  Variable T experiment    Cu + Cu~2~O (%)   CuO (%)   Cu(OH)~2~ (%)
  ----------------------- ----------------- --------- ---------------
  Cu                             38            45           17
  G/Cu                           41            44           15
  BN/Cu                          42            43           15

The experimental error is approximately 1%.

###### Quantitative analysis of the surface composition of the bare, G-coated and hBN-coated copper samples after the isothermal experiment at 50 °C for 60 hours, resulting from deconvolution of XPS data in [Fig. 3](#f3){ref-type="fig"} bottom left panel.

  Isothermal    Cu + Cu~2~O (%)   CuO (%)   Cu(OH)~2~ (%)
  ------------ ----------------- --------- ---------------
  Cu                  59            19           22
  G/Cu                77             9           13
  BN/Cu               94             4            2

The experimental error is approximately 1%.
